■ INTRODUCTION
In recent decades, as electronics have found their way into an increasing range of consumer products, there has been growing demand for cheaper devices in more flexible form factors. A leading class of materials in this field are organic semiconductors (OSCs). Although OSCs are unlikely to replace silicon in very large scale integrated (VLSI) circuit applications, 1 they are cheap and flexible, can be chemically tailored to specific applications, and can be deposited from solution over large areas at very low cost. 2 These features make OSCs especially promising in applications such as flexible displays, 3 "artificial skin" sensor arrays, 4 and photovoltaics. 5, 6 Trace impurities can have drastic effects on the electronic and optical properties of semiconductors. The intentional addition of these impurities, called doping, underlies many fundamental electronic devices such as transistors, diodes, LEDs, and photovoltaics. 7 Dopants either donate electrons to the conduction band (n-type doping) or accept electrons from the valence band (p-type doping), shifting the Fermi level and increasing the number of free charge carriers in the lattice. In a p-type doped semiconductor, the number of free holes p free and bound (immobile) holes p bound together comprise the uncompensated charge density: p unc = p free + p bound . 8 In inorganic semiconductors, dopant atoms substitute for those of the semiconductor. Doped semiconductors are fabricated by diffusion of suitable donor or acceptor species from an interface or by ion implantation. 7 These processes are irreversible, but it is still possible to reduce the effective doping level in a particular region by adding dopants of opposite polarity (i.e., ntype). This approach, called compensation doping, results in a reduction of p unc but always increases the total charge density, p comp = n comp , since the ionized p-and n-type dopants remain in the material. In inorganics, generally all dopants are ionized and result in free charge carriers at room temperature (that is, p bound ≈ 0), so only ppm−ppt doping levels are needed in typical applications. 7 Therefore, even in compensated materials the total charge density can be kept quite low, making compensation doping a practical approach to fabricating homojunctions. Doping is superficially similar in OSCs, except that the dopant species are molecular rather than atomic. However, in part due to their much lower dielectric constants, OSCs show very low doping efficiencies. A well studied organic semiconductor:dopant system is poly(3-hexylthiophene) (P3HT) doped with 2,3,5,6-tetrafluoro-7,7,8,8,-tetracyanoquinodimethane (F4TCNQ). 9−19 In P3HT:F4TCNQ, for reasons not yet fully understood, only about 5% of the holes injected by dopants actively contribute to charge transport 9 (that is, p free ≪ p bound ), even though nearly all F4TCNQ molecules in the film are fully ionized. 15 Therefore, relevant doping levels in OSCs are much higher, ranging from ppt to well over 100 wt % in commercial formulations of PEDOT:PSS (poly(3,4-ethylenedioxythiophene)polystyrenesulfonate), another widely used polymer:dopant blend. Clearly, with such high doping levels required, compensation doping is not a feasible approach to fabricating homojunctions in organic semiconductors.
Fortunately, the ability to solution process and perform chemistry on dopant molecules affords the opportunity to reduce both doping levels and compensated charge density by direct removal of dopants from OSC films. This processing pathway is not possible for inorganic semiconductors. Partially reversible doping has been demonstrated previously by exposure of doped films to air or polar solvents, 20 by heating, 17, 18 and by using acid−base chemistry in protic polymers such as polyaniline. 21−24 However, doping induced polarons are extremely efficient exciton quenchers and even relatively dilute concentrations of dopants can have major impacts on photoluminescence efficiency, 8 so a method to enable quantitative removal of dopants would be very valuable.
Doping can play an additional, somewhat unexpected role in organic semiconductor device manufacturing. In recent work, it was demonstrated that p-type doping acts as a "solubility switch," rendering some conductive polymers insoluble without cross-linking or otherwise structurally altering the material. 18 By selectively adding or removing dopants from films, solubility contrast is generated, allowing for subdiffraction limited optical patterning 25 and layering of mutually soluble materials. 18 We call this process doping-induced solubility control (DISC). 18, 19, 25, 26 However, in many device applications intrinsic (undoped) material properties are required; therefore, the ability to quantitatively dedope films after patterning or layering is of paramount importance. In previous work, 18 we found that when undoped P3HT films were doped with F4TCNQ and then dedoped with a 9:1 mixture of acetone:ethylenediamine at 60°C, the dedoped film's optical, electrical, and chemical properties returned almost exactly to their as-cast values. 18 In this work, we explore the mechanisms by which quantitative dedoping of P3HT:F4TCNQ can be accomplished and optimize the dedoping process. Under optimized conditions, we are able to obtain fluorescence intensities even greater than as-cast, corresponding to free carrier densities lower than as-cast films, after only a five second soak in a room temperature 1-propylamine (PA) dedoping solution. In addition, it was found that soaking as-cast (undoped) films in PA solutions similarly increased film fluorescence intensity and decreased conductivity, indicating these solutions remove intrinsic p-type defects. This approach to dedoping, along with other aspects of DISC, has the potential to simplify the solution-based manufacture of complex devices.
Approaches to Dedoping. In organic electronics, p-type dopants take the form of strong electron acceptors, which are capable of undergoing ground state charge transfer with the organic semiconductor. 28 In some cases, the reaction between semiconductor and dopant results in the evolution of a gas, rendering the process irreversible. 29, 30 Irreversible reactions are not amenable to dedoping, so for obvious reasons we restrict the present study to simple, single-electron transfer p-type doping. Here, the dopant electron affinity (EA) must be greater than the semiconductor ionization energy (IE), as is the case for P3HT:F4TCNQ. However, it should be noted that the formation of a charge transfer complex involving fractional charge transfer between the dopant and semiconductor can result even when the dopant EA is lower than the IE of the OSC. 31−33 An energy level diagram of P3HT and F4TCNQ before charge transfer is shown in Figure 1a . Figure 1b shows the energy levels of P3HT and F4TCNQ after charge transfer using the model developed by Winkler et al., assuming that the charges are sufficiently separated such that they can be considered noninteracting. 27 In both the dopant and the polymer, on-site interactions split the singly occupied orbitals into two sub-bands. 27, 33, 34 The occupied sub-band shifts below the energy of the neutral HOMO, while the unoccupied band moves into the band gap.
The simplest approach to dedoping, competitive dedoping, is shown in Figure 1c . In this process, the doped film is immersed in a solution containing a donor molecule with an IE low enough to transfer charge to the unoccupied midgap state of the polymer, mixed with a polar solvent capable of dissolving the ionized dopant but not the polymer. Charge transfer from the donor reduces the polymer to its neutral state, thus dedoping it. Sufficiently strong donors could also further reduce the dopant, although this should not affect the dedoping process. In either case, the ionized dopant then dissolves to compensate the positively charged donor molecules in solution, as shown schematically in Figure 1d . With competitive dedoping, the amount of residual dopant in the film will be primarily controlled by the energy level difference between the polymer and the donor HOMOs. Since this is an equilibrium process and the donor strength is limited by the condition that it must not be capable of reducing the polymer, e.g., P3HT to P3HT
•− , this process is not expected to ever achieve complete dedoping.
A more sophisticated approachreactive dedopingis shown in Figure 1e . The film is again immersed in an orthogonal solvent, this time containing a donor reactive toward the dopant but nonreactive toward the polymer. The process begins identically to competitive dedoping, with charge transfer from the donor to the polymer reducing the polymer to its undoped state and the ionized dopant dissolving into solution (Figure 1c,d) . The ionized dopant and donor then react to form a nondoping product. Such reactions would be expected to proceed through a charge transfer complex intermediate. 35 However, even if the reaction goes through a neutral intermediate or if the donor is not strong enough to reduce the polymer, thermal fluctuations could transiently transfer charge back from the ionized dopant to the ionized donor. In either case, since the driving force for solvation of F4TCNQ in P3HT is ionization and charge screening, 19 after reaction the product should prefer to dissolve in the solvent rather than remain in the film. A schematic of the process is shown in Figure 1d ,f.
The reactive doping approach has two distinct advantages over competitive dedoping. First, the amount of residual dopant in the film is controlled by the reaction equilibrium constant, rather than the relative donor strengths. The reaction equilibrium constant can be extremely large assuming the backreaction rate is slow, which would be expected for a strongly exergonic reaction. Fortunately, since dopant molecules by design are strongly electrophilic (p-type dopants) or nucleophilic (n-type dopants), in general there should be a range of highly exothermic reactions in which these molecules can participate. Second, assuming that the reaction proceeds to completion, any residual dopant that might remain in the film will be passivated. Thus, there is a possible pathway to quantitative dedoping of the polymer film.
■ EXPERIMENTAL SECTION
Materials. P3HT (Plextronics, MW = 54−75 kDa, 99.995% trace metals basis) was purchased from Sigma-Aldrich. F4TCNQ was purchased from TCI (98+%). PBTTT-C12 was purchased from Sigma-Aldrich and purified by fractionation into octane followed by centrifugation before reported experiments. PFB was donated by Cambridge Display Technologies. Amines were purchased from VWR; other solvents were purchased from Sigma-Aldrich. Deuterated solvents for NMR were purchased from Cambridge Isotopes.
Thin Film Preparation. One-inch glass substrates (Fisher Scientific) were cleaned by sequential sonication steps in acetone, 10% Mucasol:DI water, and DI water, blown dry with compressed nitrogen, and UV−ozone treated for 30 min before use. P3HT (10 mg/mL, chlorobenzene (CB)) solutions were heated to 60°C and left to dissolve overnight. F4TCNQ solutions (0.1 mg/mL, acetonitrile) were prepared at room temperature. All F4TCNQ solutions were stored in amber bottles to prevent degradation. 26 Thin films of P3HT were spin-coated from 60°C solutions at 1000 rpm until dry. Samples for conductivity and transistor measurements were spin-coated onto silicon chips prepatterned with gold electrodes by photolithography. Films for fluorescence imaging were spin-coated and dedoped (if applicable) before deposition of gold electrodes by thermal evaporation. All films were approximately 50 nm thick, except PFB films which were 60 nm thick, as measured by profilimeter (Dektak 150). Dedoping was performed by soaking doped films in 6 mL of the solutions specified in the text, and then removing the films and allowing them to dry. No additional wash steps were performed unless otherwise specified. All sample preparation and dedoping was performed in a nitrogen glovebox (<3 ppm of H 2 O, O 2 ) equipped with a molecular sieve solvent trap.
Characterization. UV−vis spectra were collected on a PerkinElmer Lambda 750 spectrometer in quartz cuvettes (Thorlabs 10 mm path length and Starna cells, 1 mm path length). All spectra were obtained promptly after addition of the amine. Fluorescence spectra were collected using a Cary Eclipse Fluorimeter, using 540 nm excitation for P3HT and PBTTT, and 350 nm for PFB. Fluorescence imaging was performed on a Zeiss LSM 700 using 488 nm excitation; films were sealed under nitrogen during imaging. Conductivity and transistor measurements were taken using Keithley 2420 source meters connected to a home-built probe station in a nitrogen glovebox. Conductivity measurements were taken in a two bar geometry, by measuring the differential change in voltage with respect to applied current at several different source currents. Transistor measurements were obtained as described previously. 18 NMR spectra were collected on Bruker spectrometers (400, 600, and 800 MHz). Chemical shifts were referenced to residual solvent peaks. 36 Cyclic voltammetry (CV) experiments were performed in argon-purged solutions of acetonitrile, with F4TCNQ:amine and TBAPF6 concentrations of 1 mM and 0.1 M, respectively. All CV experiments were performed using a PCinterfaced BASi Epsilon-EC instrument equipped with a platinum button working electrode (1.6 mm diameter), a stainless steel coil counter electrode, and a Ag/AgCl reference electrode.
■ RESULTS AND DISCUSSION F4TCNQ−Amine Reactions. As would be expected given their extreme electrophilicity, TCNQs are susceptible to reaction with nucleophiles such as amines. In fact, the original publication detailing the synthesis of TCNQ 37 was accompanied by two other papers. One detailed the charge transfer complexes formed by TCNQ, helping to launch the field of organic electronics. 38 The other described more than 20 In this study, we selected three amines: one primary (1-propylamine (PA)), one secondary (diethylamine (DEA)), and one tertiary (triethylamine (TEA)), to study dedoping effectiveness. Figure 2a shows UV−vis spectra of an F4TCNQ solution in acetonitrile (AN), alone and mixed with a 50:1 molar excess of each amine. A spectrum of F4TCNQ with ethylenediamine, which was previously shown to dedope P3HT:F4TCNQ films, 18 is also included. The large excess of amine was used to simulate realistic dedoping conditions, where a thin film containing relatively little F4TCNQ would be treated with a bath of dedoping solution. In all four of the product spectra the neutral F4TCNQ absorption at 390 nm is absent, indicating that the reactions proceed in quantitative yield. The primary and secondary amines all show show similar product absorption peaks at about 3.7 eV (340 nm), while the tertiary amine (TEA) shows absorption bands corresponding to the radical anion, 40 indicative of the reaction shown in Figure 2e . Salts of tertiary amines including TEA:TCNQ have been studied extensively 41, 42 and have not been observed to involve covalent bonds between the amine and TCNQ, consistent with our observations in TEA:F4TCNQ. Assuming TEA is a stronger donor than P3HT, we expect that it should function as a competitive dedoping agent.
Chemistry of Materials
Although previous studies have indicated that primary and secondary amines do react with TCNQ, the products formed appear to depend on solvent polarity, pH, and amine concentration. To determine the stoichiometry of the reaction, we collected UV−vis spectra of an F4TCNQ solution in AN titrated with DEA and PA. In both cases, UV−vis indicates the reaction proceeds quantitatively within seconds even in dilute (40 μmolar) solutions, so reaction kinetics could not be obtained.
Titration spectra for DEA:F4TCNQ are shown in Figure 2b . The reaction requires two equivalents of DEA to proceed to completion, and at a 1:1 ratio the spectra shows that half of the F4TCNQ is unreacted. This observation is inconsistent with with the previously observed elimination of cyanide to give an aminotricyanoquinodimethane or second substitution yielding diaminodicyanoquinodimethane. 35, 39, 43 Instead, as shown in Figure 2f , the second equivalent of DEA allows the product 1 to rapidly deprotonate, forming an ion pair. This structure was validated using NMR spectroscopy and cyclic voltammetry (see Supporting Information Sections 1 and 3) confirming that the reaction halts before elimination of −HCN to form the quinone, as has been reported under other conditions. Figure 2c shows the titration spectra for PA:F4TCNQ. Up to a 2:1 PA:F4TCNQ ratio, the spectra are essentially identical to DEA:F4TCNQ and lead to the formation of product 2a. However, as additional amine is added, the product absorption at 3.7 eV begins to decrease and a new peak at 3.0 eV grows in. Time dependent UV−vis, shown in Figure 2d , reveals the kinetics of this reaction. Each scan is 100 s long. Immediately before the start of the first scan (green) a very large excess (10% v/v) of PA was added to the F4TCNQ solution (40 μmolar, AN), and as a result the first scan shows the spectrum of product 2a. Over the next 2000 s product 2a is converted into the second product (2b) shown in Figure 2c . The reaction is slower at lower PA concentrations, permitting measurement of the NMR spectra of both the intermediate and the final products. Figure 2g shows the reaction scheme, and Supporting Information Section 2 shows the NMR spectra. Product 2a is nearly identical to 1 in both UV−vis and NMR spectroscopy, so its assignment was straightforward. The elimination of −HCN to form the imidoyl cyanide, product 2b, is facilitated by increasing amine concentrations. As with 1, CV and NMR both indicate that 2b is a benzylic anion and not a quinone (see Supporting Information Section 3).
During reactive dedoping (Figure 1c−f) , the amine initially reduces the doped polymer, forming amine and F4TCNQ radical ions. These ions are not themselves reactive but exist in equilibrium with the neutral species that can then react as shown in Figure 2f ,g. To verify that these reactions occur during reactive dedoping, we collected UV−vis spectra of P3HT:F4TCNQ films immersed in AN and AN with varying concentrations of DEA. Figure 3a shows spectra taken through both the film and the solvent, while Figure 3b shows spectra taken with the cuvette rotated 90°so that only the solvent is visible. Figure 3a also shows a P3HT:F4TCNQ film (doped approximately 8 mol %) before immersion.
Exposure to pure AN allows some neutral F4TCNQ to dissolve, as indicated by the absorption at 390 nm in both plots. As expected, dissolution of F4TCNQ results in a reduction in doping level, indicated by an increase in the neutral P3HT π−π* absorption (520 nm) and decreases in the P3HT+ polaron band (broad feature 600−900 nm) and F4TCNQ
•− bands (750 and 860 nm) relative to the initial doped film. However, when the solution contains DEA, the solution-only spectra (Figure 3b ) instead show an absorption feature identical that of product 1, and the neutral F4TCNQ absorption is no longer visible. The film + solution spectra (Figure 3a) additionally show a strong decrease in film doping level. As the intensity of the reaction product absorption is similar in both plots, we conclude that 1 is highly soluble, and little remains in the film. This is corroborated by UV−vis−NIR spectra of films dedoped with PA (see supporting information Figure S22 ) which match those of as-cast films. Together, these observations indicate that the reactions shown in Figure 2f ,g result in dedoping and removal of F4TCNQ from P3HT films by the mechanism shown in Figure 1 .
Very little F4TCNQ
•− is observed in the pure AN ( Figure  3b , inset) due to the lack of a soluble counterion. However, in the solutions containing low DEA concentrations there is an increase in F4TCNQ
•− absorption in solution due to the formation of stable radical ion pairs, analogous to those observed between TEA and F4TCNQ (Figure 2e ). Since these F4TCNQ
•− ions can only react with DEA or PA through their neutral state, the effective reaction rate is slowed by competition between reactive and competitive dedoping mechanisms. As a consequence, the dedoping rate is controlled not only by the direct reaction rate of donor and dopant but also by the equilibrium between the ionized and neutral states of the donor and dopant molecules. By increasing the DEA concentration, the forward reaction rate of F4TCNQ and DEA to 1 is increased, resulting in more rapid dedoping. This effect is visible in Figure 3a as a decrease in film doping level with increasing DEA concentration and in Figure 3b as elimination of F4TCNQ
•− absorption in solution at 10% DEA. A similar trend is visible in the film fluorescence intensity, shown in Figure S20 . Additionally, because the dedoping rate is controlled by the equilibrium between neutral and ionized states of F4TCNQ, we would expect reactive dedoping to occur more quickly in less polar solvents, which shift the equilibrium in favor of the neutral species.
Quantifying Dedoping. Mobile polarons are efficient fluorescence quenchers. 8, 44 As a result, fluorescence intensity is highly sensitive to the density of mobile charges (p free ) and therefore doping level, allowing for simple detection of residual dopants. In these measurements we use sequential doping from an orthogonal solvent 18, 19, 45 to separate the effects of additional dopants from impurity levels in the initial polymer film coating. This also allows us to measure the fluorescence intensity of each film before doping as well as after dedoping, controlling for sample-to-sample variation in fluorescence intensity (e.g., from thickness variations). 18 In the following experiments, all films are sequentially doped from an F4TCNQ/AN solution to achieve a doping level of approximately 3.7 mol %. 19 After •− absorption. Solution spectra were collected after 5 min of immersion; film + solution spectra were collected after 7 min of immersion. doping, each film is rinsed with CB to allow F4TCNQ to intercalate into the P3HT crystallites. 19 Finally, the films are dedoped by by immersion in a 10% amine solution in a polar carrier solvent which does not dissolve the polymer. See Supporting Information Section 5 for additional information on optimization of dedoping conditions. Figure 4a shows the integrated fluorescence intensity after dedoping as a function of bath composition and time. As expected, the competitive donor TEA does not fully dedope the film, with fluorescence intensity leveling off at approximately 60% of as-cast emission intensity after a 30 min exposure. The reactive dedoping agents perform much better: DEA:acetone reaches 96% fluorescence recovery after 2 h and 100% after 24 h. Remarkably, dedoping with PA allows for fluorescence recovery of greater than 100%: PA:acetone reaches 124% of ascast fluorescence intensity after a 2 h exposure. Switching the carrier solvent to cyclohexanone, which is less polar and is also expected to swell P3HT more effectively, increases both the ultimate fluorescence intensity and rate of fluorescence recovery. Figure S19 shows UV−vis spectra of product 2b formed in cyclohexanone, which indicates that the reaction products formed in cyclohexanone solutions are the same as those formed in AN solutions. Figure 4b shows fluorescence spectra of a P3HT film as-cast, doped, and dedoped by immersion in a 9:1 cyclohexanone:PA solution for 5 s, 1 min, and 10 min at room temperature. The extremely rapid recovery of fluorescence110% of as-cast after only a 5 s immersion in an amine solutionindicates that dedoping steps could easily be incorporated into roll-to-roll processing methods. UV−vis spectra of P3HT films dedoped with PA in acetone and cyclohexanone ( Figure S22 ) do not show any changes to vibronic structure after dedoping, indicating that this increase in fluorescence intensity cannot be explained by a reduction in film crystallinity. However, significant increases in P3HT fluorescence have been observed previously after treatment with strong reducing agents or n-type dopants, such as LiAlH 4 or cobaltacene, to passivate defect sites. 8, 46, 47 We will demonstrate in Figure 6 that passivation of intrinsic doping is responsible for the increased film fluorescence observed here.
In previous work, 18 we found that the electrical properties of P3HT films, as measured by field effect transistor (FET) characteristics, could be quantitatively recovered after dedoping. However, in that work, when the devices were dedoped under conditions that fully recovered as-cast film fluorescence, we observed a decrease in hole mobility which did not fully recover after annealing. Alternatively, by reducing the dedoping time we previously recovered as-cast electrical characteristics, but could not simultaneously fully recover the initial fluorescence. 18 No such compromise is required under the optimized conditions described here. Figure 4c shows field effect transistor (FET) transfer curves for a single P3HT device as-cast, after doping, after dedoping with 10% PA:cyclohexanone, and after annealing at 150°C for 20 min. The as-cast device shows good transfer characteristics (log(I sd ), right axis) and a hole mobility of 2 × 10 −2 cm 2 V −1 s −1 obtained from the slope of I sd 1/2 (left axis). After doping, the source−drain current increases significantly and the device loses all switching capability. This behavior is expected since the density of polarons capacitively accessible by field effect is orders of magnitude lower than the density of doping-induced polarons. Dedoping with 10% PA:cyclohexanone for 15 min recovers switching characteristics but results in a slight decrease in charge carrier mobility. This effect may result from increased trap density due to reduced trap filling, 48 extended solvent exposure time, or residual solvent remaining in the film. Fluorescence spectra of P3HT films as-cast, doped, and dedoped with 10% PA in cyclohexanone for varying times. As in (a), all spectra are normalized by the integrated as-cast fluorescence intensity. (c) Field effect transistor (FET) transfer curves of a single device (50 μm length, 2 mm width) as-cast, doped, dedoped (10% PA in cyclohexanone), and annealed at 150°for 20 min. Right axis shows I sd plotted on a log scale; the same data is replotted on the left axis as I sd 1/2 on a linear scale, to show carrier mobility. Note that off current is noise limited. , which is higher than that of the as-cast device. Together, the results of Figure 4 show that dedoping with 10% PA in cyclohexanone allows for simultaneous recovery of the intrinsic optical and electrical characteristics of P3HT with properties superior to as-cast films.
We were unable to directly determine the concentration of residual F4TCNQ−amine products in dedoped films. To determine if such products could act as fluorescence quenchers, we measured the HOMO and LUMO energy levels relative to P3HT by cyclic voltammetry of 1, 2a, and 2b (Supporting Information Section 3). For all three compounds, a quasireversible oxidation was observed near 900 mV with respect to the Ag/AgCl reference electrode. These values were converted to vacuum-referenced energies using E HOMO = e(V ox + V ref ), where e is the elementary charge, V ox is the observed oxidation potential, and V ref is the reference electrode potential (−4.72 V for Ag/AgCl). The resulting HOMO energies are shown in Figure 5 , along with those for P3HT. 49 Note that because the CV data showed only quasireversible behavior, it is not possible to account for the oxidation overpotential; as a result, the true HOMO energies may be slightly higher than calculated. Negative potential scans of 1 and 2b revealed a second quasireversible reduction near −1000 mV in both samples, which we attribute to reduction of the ammonium counterions. No other reductions were visible within the accessible voltage range (up to −2000 mV), indicating that the LUMO energy of 1 and 2b must be less than 2.7 eV. Negative potential scans of 2a were not collected but are expected to be similar to those of 1. To estimate the LUMO energy of each product, we subtracted the optical absorption maximum (in eV) from the CV-derived HOMO energies, shown in Figure 5 . In all three cases, both the HOMO and the LUMO energies lie well outside of the P3HT band gap, indicating that these molecules should not quench P3HT excitons or act as trap sites for holes or electrons. However, it appears that the ammonium cations should be capable of accepting an electron from P3HT*, quenching P3HT fluorescence.
The fact that greater than as-cast fluorescence intensities are consistently observed in dedoped films in spite of the possible presence of ammonium cations indicates that the concentration of these cations (and corresponding 2a/2b anions) must be significantly lower than the density of intrinsic fluorescence quenching defects in as-cast films. The low concentration of 2a/2b in dedoped films is likely due to the product's ionic character. When dried, 2b is highly soluble in polar solvents such as AN and cyclohexanone, but completely insoluble in low dielectric solvents such as toluene, as expected for a salt. The dielectric constant of most conductive polymers is quite low (typically around 3), so we do not expect significant solubility of products 1, 2a, or 2b in the polymer.
It is likely that by switching to a less basic donor, the neutral, protonated forms of the products shown in Figure 2 could be obtained, as was the case with the F4TCNQ−THF photoreaction product. 26 This product had an extremely large optical bandgap (>6 eV) and was not a quinone, so it would not be expected to quench fluorescence or interact electrically with most polymers. However, the protonated states of these molecules would likely be more soluble in the polymers than the salts shown in Figure 2 . To determine whether one of the dedoping products or PA itself was responsible for the increase in fluorescence intensity seen in Figure 4b , we repeated the dope−dedope experiment but inserted an additional dedoping step before doping the film.
As shown in Figure 6a , this initial dedoping step does indeed result in the same increase in film fluorescence. Since mobile charge carriers are known to quench excitions much more efficiently than bound charges, 8 this observation suggests that PA treatment is acting to reduce the density of mobile charges. Conductivity measurements (Figure 6b ) confirm this. Exposure to 10% PA:cyclohexanone for 10 min results in at least a 2 orders of magnitude reduction in conductivity (the exact conductivity of the film after dedoping could not be determined). The conductivity decrease with PA treatment is direct evidence of a reduction in free charge carriers. Figure 6c shows fluorescence microscopy images of P3HT films in field effect geometry (P3HT fluorescence is false colored green, black regions are gold electrodes). For as-cast devices, application of voltage forces some of the bound polaron−defect pairs to separate, increasing the free carrier density and resulting in increased fluorescence quenching. This effect has been previously observed in isolated chains of the conjugated polymer MEH-PPV (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]), where application of an electric field caused the fluorescence of isolated chains to blink off. 50 The authors attributed these effects to field-assisted separation of charged defect pairs. After PA treatment, these bound charge pairs are passivated, resulting in fluorescence images which are unchanged under high applied electric fields.
Interestingly, treating as-cast P3HT films with DEA does not affect fluorescence intensity (see Supporting Information Figure S23 ). Both PA and DEA have similar pK a values and so would be expected to perform similarly well as compensating dopants. This observation suggests that PA may be acting to chemically passivate polymer defect sites via a reaction mechanism that is not available to secondary amines. Unfortunately, as other authors have noted, 8, 46, 47 the low density of the relevant defect sites makes their chemical characterization difficult.
Commercially available conjugated polymer samples vary widely in quality including differences in MW, PDI, and impurity density. Post-treatment of films with amines is a simple method to increase the fluorescence quantum yield and likely improves associated properties (exciton lifetime, etc.) of lower quality samples as well. To illustrate the usefulness of this approach, we repeated the same dope−dedope experiments shown in Figure 4 on a sample of PBTTT which showed relatively low field effect mobilites (see Supporting Information Figure S24 and Table S5 ). In this material, dedoping with DEA yielded a significant increase in film fluorescence (Figure 7a ). DEA treatment has no effect on as-cast P3HT films ( Figure  S23) ; therefore, the defects present in this PBTTT sample must be different from those in our P3HT sample. Field effect mobilities remained essentially unchanged after dedoping. These results serve to illustrate that the nature of defect sites varies between different polymers and likely even individual polymer samples.
In contrast, we also performed the same experiment on a very clean sample of PFB, a highly fluorescent blue emitting polymer which can be doped by F4TCNQ, 51 provided to us by Cambridge Display Technologies. This measurement represents a "worst-case scenario" for dedoping, as its fluorescence quantum yield is high and defect density is low, so full recovery of fluorescence intensity should only be possible if the F4TCNQ is quantitatively removed. As seen in Figure 7b , after doping with F4TCNQ and dedoping with PA, dedoped fluorescence was virtually identical to that of as-cast, indicating that the F4TCNQ was quantitatively removed.
The method we describe here achieves results similar to those of the defect engineering approach described by Liang and co-workers. 8, 46, 47 However, the reducing agents used in these works were LiAlH 4 46,47 or cobaltacene, 8 both of which are strongly reactive toward oxygen or water and require more specialized handling procedures.
In summary, we have suggested a mechanism, reactive dedoping, by which it is possible to dedope (as opposed to merely compensation dope) semiconducting polymers. Using P3HT:F4TCNQ as a model system, we have identified a reaction between F4TCNQ and PA which even allows for greater than quantitative recovery of film fluorescence. Once optimized, we found that this process enables fluorescence recovery to at least as-cast levels in less than 5 s at room temperature, allowing for easy integration into roll-to-roll coating processes. Because p-type dopant molecules are by nature strongly electrophilic, they are susceptible to attack by nucleophiles such as amines, while n-type dopants are expected to be prone to electrophilic attack. Therefore, reactive dedoping processes should be simple to engineer in a wide range of pand n-type doped organic semiconductors. In addition, treatment of undoped films with PA results in increased film fluorescence and a reduction in conductivity, consistent with removal of intrinsic charged defects. Quantitative fluorescence recovery is possible even in low-defect, high fluorescence yield samples such as PFB. The ability to sequentially add and then quantitatively remove dopants, often achieving doping levels at or below that of as-cast films, paves the way for new applications of doping in organic materials, in which not only electrical and optical properties but also physical properties such as solubility can be locally and reversibly controlled. This chemical treatment is a simple and essentially nontoxic solution process that can be used in-line with any solution-processable conjugated polymer, making it a potentially valuable addition to the organic electronics processing toolkit.
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